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Abstract 
 
 
An iterative synthesis has been used to produce conjugated, monodisperse, 
viologen-based aromatic oligomers containing up to 12 aromatic/heterocyclic 
rings. The methoxy-substituted oligomers were soluble in common organic 
solvents and could be processed by spin coating. The conductivities of the 
resulting films (30 to 221 nm thick) increased by more than an order of 
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magnitude as the oligomer length increased from unimer (1, 2.20×10-11 S cm-
1) through dimer (2) to trimer (3, 6.87×10-10 S cm-1). The bandgaps of the 
materials were estimated from the absorption spectra of these thin films. The 
longest oligomer, 3, exhibited a noticeably narrower bandgap (2.3 eV) than 
the shorter oligomers (1 and 2 both 2.7 eV). Oligomer 3 also showed 
photoconductivity under irradiation across a wide range of wavelengths in the 
visible spectral region. In conjunction with DFT calculations of these systems 
our results suggest that structurally related viologen-type oligomers may find 
use in optoelectronic devices. 
 
1. Introduction 
The seamless integration of organic materials into electronic products such as 
laptops and mobile phones as well as organic light emitting diodes (OLEDs) 
[1,2] and organic photovoltaic cells (OPVs) [3,4] is one of the grandest 
challenges in modern materials chemistry [5]. Achieving this goal would offer 
the possibility of dramatically reducing manufacturing costs and improving the 
efficiency of such electronic devices [6,7]. A vital step on the road to realising 
this goal is the understanding of structure/property relationships of 
(semi)conductive organic materials [8]. 
 
In principle, any molecule that contains extended regions of orbital overlap 
allowing for the movement of charge, either positive (holes) or negative 
(electrons), may exhibit conductive behaviour [9]. As an example, organic 
molecules and polymers as poly(p-phenylene vinylene) (PPV) [9-11], 
polypyrrole (PPy) [12,13] and polyaniline (PANI) [14,15] have been shown to 
have conductive properties. A structurally simple class of materials with the 
potential for extended -orbital overlap are pyridinium-based species including 
the well-known viologens [16] and extended viologens (Figure 1) [17]. 
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Figure 1. Molecular structures of diphenyl viologen 4 and an extended viologen, 5. 
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Viologens and their congeners are some of the most widely studied species in 
supramolecular chemistry [18-23]. Their reversible and well-understood redox 
properties have seen them become the fundamental building blocks in a 
broad range of molecular switches and machines [24,25]. However, the use of 
these materials as molecular conductors is a less well-developed field [26,27, 
28].  
 
Early studies into the conductivity of salts of a viologen-containing cation (1,1'-
diphenyl-4,4'-bipyridinium, 4) were carried out by Allen and co-workers in the 
mid-1980s [29-31]. This group measured the solid-state conductivities of the 
salt formed from 4 and the anion of 7,7,8,8-tetracyanoquinodimethanide 
(TCNQ). They reported that the degree of conductivity is highly dependent on 
the level of TCNQ incorporated into the solid. In 1994, the electronic 
properties of the bromide, perchlorate and tetrafluoroborate salts of 1,1'-bis(p-
cyanophenyl)-4,4'-bipyridilium (CPQ) were measured by Rosseinsky and 
Monk [32]. More recently Porter and Vaid studied the conductivity of N,N'-
diphenyl viologen (4) [33] and its co-crystals [34] as well as “extended 
viologen” (5) in both dicationic and neutral (doubly reduced) forms [35]. 
Mercia and co-workers measured the conductivities of a mixed oxidation state 
viologen salt [36]. In small molecule, crystalline samples such as these, it has 
been shown that conductivity arises through a charge hopping mechanism 
[33], rather than from ionic conduction as has been observed in polymeric 
viologen containing species where the anions and cations are less tightly 
bound [28]. For all these crystalline salts, conductivity measurements were 
made from compressed pellets of microcrystalline material. Consequently, 
results were strongly dependent on the homogeneity of the samples, and on 
the contact resistance between the electrodes and organic materials [37]. 
 
More recent developments in the field include the study of viologen 
derivatives as single molecule wires. This was achieved by measuring the 
conductivity of one molecule trapped between an AFM [38] or STM [39-43] tip 
and a gold surface. Stoddart and co-workers have also examined the 
semiconducting character of single crystals of a pseudorotaxane [44] 
containing multiple radical cationic [45,46] viologen residues. Although these 
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single-molecule and single-crystal measurements are clearly of exceptional 
scientific importance, the complexity of fabrication of such junctions is unlikely 
to permit large-scale production of viologen-containing electronic devices.  
 
Recently, the synthesis of macrocyclic [47,48] and rod-type conjugated 
viologen-containing species has become a growing field of study. Our own 
group [49,50], and others [51,52], have developed methods for synthesising 
and studying these interesting classes of compounds. Here we report on the 
electronic properties of a series of three molecules (Figure 2) that contain 
either one (unimer, 1), two (dimer, 2) or three (trimer, 3) viologen residues. As 
a consequence of the solubility of these samples in solvents such as 
acetonitrile and dimethylformamide (DMF), we were able to prepare thin films 
of each compound using standard spin coating techniques. Thus, in contrast 
to the bulk pellet analysis and single molecule/crystal measurements 
described above, it was possible to investigate the solid-state electronic 
properties of homogenous films of viologen-containing oligomers for the first 
time. In addition, we present data showing that the novel trimeric viologen 
species, 3, containing 12 aromatic/heterocyclic rings in conjugation, exhibits 
interesting photoconductivity characteristics. 
 
 
Figure 2. Structures of unimer 1, dimer 2 and trimer 3. 
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2. Methods and characterisation techniques 
 
2.1 General Synthetic Methods.  
Chemicals and solvents (from Sigma Aldrich, Fisher Scientific or Alfa Aesar) 
were used without further purification unless otherwise stated. Anhydrous 
N,N-dimethylformamide (DMF) (Alfa Aesar, 99.8%, packaged under argon) 
was used as received. Tetra-n-butylammonium hexafluorophosphate 
(TBAPF6) was recrystallized twice from absolute ethanol and dried at 80 °C 
under vacuum overnight. Acetonitrile was distilled from CaH2 or P2O5. 
 
2.2 Analytical Techniques.  
1H and 13C NMR spectra were acquired on a Bruker DPX-400 spectrometer 
operating at 400 MHz and 100 MHz, respectively, or on a Bruker AV-700 
spectrometer operating as 175 MHz for 13C nuclei. Residual 1H signals from 
the solvent were used as internal calibrants.  UV-Vis spectra of solutions were 
acquired on a Scinco S-3100 diode-array spectrophotometer, while the 
spectra of thin films were recorded on Horiba FLUOROMAX-4P. Infrared 
spectra were recorded on a Perkin Elmer 17 20-X FT-IR spectrometer from 
thin films cast from acetone, and major absorption bands are reported in 
wavenumbers (cm-1). Mass spectra were recorded on a Thermo Scientific 
LQT Orbitrap XL under conditions of electrospray ionisation. Cyclic 
voltammetry (CV) and square wave voltammetry (SWV) measurements were 
carried out on 0.2 mM viologen-containing compounds in anhydrous DMF/0.1 
M TBAPF6 with a single-compartment three-electrode cell equipped with a 
freshly polished glassy carbon disc (d = 2 mm) working electrode, coiled 
platinum wire auxiliary and coiled Ag wire pseudoreference electrodes. 
Ferrocene was added as an internal standard (set to 0.00 V). The potential 
control was achieved with a Metrohm Autolab PGSTAT 302N potentiostat. 
 
2.3 Conductivity and photoconductivity measurements 
Pre-patterned ITO substrates (50 microns in length, 20 Ω, Ossila) were 
cleaned sequentially with detergent, acetone, and propan-2-ol, and were then 
dried. Compounds 1-3 were spin-coated onto the substrates from acetonitrile 
solution using an Ossila spin-coater. The solution concentrations and 
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conditions for spin-coating are given in Table S1. The morphology of the films 
was analysed using Dimension Edge with Scan Assyrian (Bruker) AFM 
equipped with the tips from Nanodevice solutions HAR TIP R3. The I-V 
characteristics of the samples were measured using a custom-constructed 
probe station equipped with a HP 4140B pA-meter/ DC voltage source. The 
photoconductivity measurements used a 150 W Xenon light source is 
spectrally resolved (power c. 1 micro Watt/nm) equipped with a 5 nm 
bandwidth monochromator and a Keithley 2400 source meter. After the 
measurements, the thickness of the films was determined using a Bruker 
DektakXT Stylus Profiler. To measure UV-vis spectra of the films, compounds 
1-3 were spin-coated onto quartz slides in the same experimental set-up as 
described above. 
 
2.3 Computational methods 
Each compound (1, 2 and 3) was fully optimised with and without counter 
ions, first using the HF-3C method [53] to obtain a reasonable starting point. 
The HF-3C geometries were then further optimised (TightOpt convergence 
criteria) at the PBE0-D3BJ level of theory [54, 55, 56] along with a def2-
TZVPP basis set [57] and a def2 /J auxiliary basis set [58], using the ORCA 
4.0.1 suite of programs [59]. The RIJ-COSX approximation was used to 
accelerate calculations [60].  
2.4 Synthetic procedures and Characterisation 
 
Zincke salts 7 and 12  were synthesized as described previously [49, 50].  
 
Synthesis of 8 
 
1-(2’’,4’’-Dinitrophenyl)-[4,4'-bipyridin]-1-ium chloride, 7, (3.59 g, 10 
mmol) was dissolved in ethanol (50 mL) with a large excess of dimethyl 
3,5-dimethoxyaniline (6) (5.04 g, 24.9 mmol). The mixture was heated at 
reflux and stirred vigorously for 2 days. After cooling to room 
temperature, the solvent was evaporated and the product reprecipitated 
twice with ethyl acetate from methanol. The precipitate was collected by 
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filtration, washed with THF (200 mL), and dried in vacuo to yield 8 as a 
brown solid (3.08 g, 94%) m.p. 241 °C (dec). 1H NMR (D2O, 400 MHz) δ 
9.18 (d, J = 7 Hz, 2H), 8.78 (d, J = 6 Hz, 2H), 8.55 (d, J = 7 Hz, 2H), 
7.97 (d, J = 6 Hz, 2H), 6.96 (d, J = 2 Hz, 2H), 6.84 (t, J = 2 Hz, 1H), 3.89 
(s, 6H). 13C NMR (D2O, 100 MHz) δ 161.4, 154.9, 150.1, 144.6, 143.8, 
142.2, 125.9, 122.6, 103.02, 102.95, 56.05. IR (cm-1)  = 1582, [M]1+ 
calc. C18H17O2N2 for 293.1285, found 293.1283. 
 
Synthesis of 10 
 
Compound 8 (2.10 g, 6.38 mmol) was dissolved in 8 mL of EtOH with a large 
excess of 1-chloro-2,4-dinitrobenzene (10.0 g, 49.4 mmol). The mixture was 
heated at reflux and stirred strongly for 3 days. After cooling to room 
temperature, the crystals were filtered and washed with THF (2 × 100 mL), 
further washed with EtOAc (2×100 mL), and dried in vacuo to yield a yellow 
solid, 10 (2.04 g, 60%). M.p. 216-218 ˚C. 1H NMR (D2O, 400 MHz) δ 9.47-
9.43 (m, 5H), 8.97 (dd, J = 3，9 Hz, 1H), 8.92 (d, J = 7 Hz, 2H), 8.83 (d, J = 7 
Hz, 2H), 8.33 (d, J = 9 Hz, 1H), 7.06 (d, J = 2 Hz, 2H), 6.95 (t, J = 2 Hz, 1H), 
3.94 (s, 6H). 13C NMR (D2O, 100 MHz) δ 161.4, 152.9, 150.9, 150.4, 149.7, 
146.6, 145.6, 143.7. 142.7, 138.2, 131.0, 130.6, 127.2, 127.1, 122.7, 103.3, 
103.1, 56.0. IR (cm-1)  = 1542, 1331 (NO2). [M-1H]1+ calc. C24H21O5N4 for 
445.1506, found 445.1501. 
 
Synthesis of 13 
 
Zincke salt 12 (570 mg, 1.00 mmol) was dissolved in 50 mL of 
methanol/water (5:1, v/v) with 3,3'-dimethoxybenzidine (11, 732 mg, 3 
mmol). The reaction mixture was heated with stirring at reflux for 3 days, 
and then concentrated to 3 mL and treated with THF (100 mL). The 
crude product was precipitated twice from MeOH/EtOAc (1:8). The 
precipitate was filtered and dried under high vacuum to afford 13 as a 
deep purple solid (653 mg, 95%). m.p. 280 °C (dec.). 1H NMR (CD3OD, 
400 MHz) δ 9.48 (d, J = 7 Hz, 2H), 9.19 (d, J = 7 Hz, 2H), 8.97 (t, J = 2 
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Hz, 1H), 8.82 (d, J = 7 Hz, 2H), 8.70 (d, J = 2 Hz, 2H), 8.68 (d, J = 8 Hz, 
2H), 7.63 (d, J = 8 Hz, 1H), 7.44 (s, 1H), 7.42 (d, J = 8 Hz, 1H), 7.23 (d, 
J = 8 Hz, 1H), 7.20 (s, 1H), 6.92 (d, J = 8 Hz, 1H), 4.03 (s, 3H), 4.01 (s, 
3H), 3.93 (s, 3H). 13C NMR (CD3OD, 100 MHz) δ165.7, 153.4, 152.5, 
151.4, 149.9, 148.8, 148.5, 147.5, 145.3, 144.4, 137.0, 136.7, 134.6, 
133.9, 131.6, 130.8, 130.5, 128.5, 128.1, 127.8, 124.8, 121.5, 120.5, 
117.5, 111.9, 110.6, 57.3, 56.4, 53.6. IR (cm-1)  = 3350 (N-H, primary 
amine). [M]2+ calc.  C38H36N4O4 for 612.2731, found 612.2725. 
 
Synthesis of trimer 3 
 
Aromatic diamine 13 (403 mg, 0.59 mmol) was dissolved in 100 mL of 
ethanol/water (1:1, v/v) with precursor (10) (704 mg, 1.20 mmol) and the 
solution was refluxed for 3 d. The solution was concentrated to approximately 
5 mL, and this was added to a rapidly stirred solution of NH4PF6 in a mixture 
of methanol and water (30 mL, 2:8 v/v). After stirring at room temperature for 
1 h, the resulting precipitate was filtered, washed with 300 mL of water and 
300 mL of ethyl acetate, and purified by column chromatography (elution 
gradient: acetonitrile to 1% NH4PF6 in acetonitrile w/v). Excess salts were 
removed by precipitating the crude product twice from acetonitrile/water and 
the product was dried under high vacuum to give a brown solid, 3 (1.14 g, 
95%). m.p. 392 °C (dec.). 1H NMR (acetonitrile-d3 with 1% trifluoroacetic acid 
(TFA ); the signal of TFA is not reported; 400 MHz) δ 9.35 (d, J = 7 Hz, 4H), 
9.22 (d, J = 7 Hz, 8H), 8.69-8.65 (m, 12H), 7.81 (d, J = 8 Hz, 4H), 7.71 (m, 
8H), 6.96 (s, 4H), 6.87 (s, 2H), 4.06 (s, 12H), 3.93 (s, 12H). 13C NMR 
(acetonitrile-d3 with 1% trifluoroacetic acid (TFA); the signal of TFA is not 
reported; 100 MHz) δ 162.9, 153.4, 151.6, 148.2, 146.5, 145.3, 144.8, 131.8, 
128.13, 128.07, 127.99, 127.94, 121.5, 113.4, 104.0, 57.8, 56.9. IR (cm-1) = 
1162 (ether, C-O); [M-1H]5+ calc. C74H65O8N6 for 233.0967, found 233.0968. 
 
3. Results and Discussion 
 
The syntheses of 1 and 2 have been described recently [50]. The synthesis of 
trimeric viologen species, 3, was achieved following the methodology reported 
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for related compounds (Scheme 1) [49]. Briefly, this process proceeds via 
sequential Zincke [61, 62, 63] reactions, starting from addition of                            
3,5-dimethoxyaniline (6) to Zincke salt 7 to furnish 8 in 94% yield. Subsequent 
addition of 1-chloro-2,4-dinitrobenzene (9) to 8 results in the viologen 
derivative 10 (60%) which forms both terminal units of the trimeric species. 
The central portion of the trimer is produced from the addition an excess of 
diamine 11 to di(Zincke salt) 12 to give 13. Finally, addition of 10 to diamine 
13, followed by ion exchange produced the desired trimeric species 3 in 
excellent yield (95%).  
 
 
 
Scheme 1 Synthesis of trimer 3 
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3.1 Electrochemistry 
Electrochemical reduction of 1, 2 and 3 was studied by cyclic voltammetry 
(CV) at a polished glassy carbon disc electrode, using anhydrous DMF as 
solvent containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) 
as supporting electrolyte. Ferrocene was used as the internal potential 
reference. Cyclic and square-wave voltammograms of compounds 1, 2 and 3 
are shown in Figure 3 and cathodic potential data are presented in Table 1.  
 
 
Figure 3. (A) Cyclic (v = 500 mV s-1); and (B) square-wave voltammograms (f = 10 Hz) of 0.2 
mM solutions of 1, 2 and 3 recorded at a glassy carbon disc (d = 2 mm) electrode in 
anhydrous DMF. 
 
Table 1. Cathodic E1/2 values for the oligomer viologen series 1-3 determined with a glassy 
carbon disc (d = 2 mm) electrode in anhydrous DMF relative to the standard ferrocene/ 
ferrocenium (Fc/Fc+) couple. 
Viologen 
Species 
E1/21 (V)  E1/22 (V)  
Unimer 1 -0.65 -0.94 
Dimer 2 -0.66 -0.98 
Trimer 3 -0.67 -1.05 
 
 
Each oligomer exhibits two reversible (Ip,a/Ip,c = 1) one-electron cathodic 
processes corresponding to sequential reduction of each dicationic viologen 
residue, first to its radical cationic state and then to the ultimate neutral 
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quinoidal form, as shown for unimer 1 in Scheme 2. The voltammetric 
response of trimer 3 is strongly affected by adsorption phenomena (Figure 3). 
 
The E1/21 values for the three oligomers are almost identical (-0.66 +/- 0.01 V). 
This observation indicates that the reducible viologen moieties in dimer 2 and 
trimer 3 are essentially electronically independent, reflecting a lack of 
conjugation in the parent conformation which is almost certain to be twisted 
along the backbone of the oligomers [33,44,48]. Notably, the second reduction 
potential becomes significantly more negative as the oligomer length 
increases. This difference can be attributed to increased electronic 
conjugation in the more planar radical cationic form generated at the first 
cathodic wave (cf. 1 and 1a in Scheme 1). 
 
 
Scheme 2 Reduction of twisted, unconjugated 1 to its planar radical cationic (1a) and neutral, 
quinoidal forms (1b).  
 
3.2 Solid state conductivity 
Thin films were produced by spin-coating saturated solutions of 1-3 from 
acetonitrile (Table 2) onto cleaned commercial 5-channel interdigitated ITO 
glass slides having resistance of 20 Ω (Figure 4).  
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Table 2 Initial solution concentration and the resulting thickness of the thin films of viologen 
oligomers 1-3.  
 
Viologen species 
Concentration  
(mg mL-1) 
Film Thickness  
(nm)a 
Unimer 1 22 221 
Dimer 2 38 64 
Trimer 3 21 30 
 
a Film thickness determined by using Bruker DektakXT Profiler.  
 
 
Figure 4. A commercial ITO cell, spin-coated with 1. 
 
The conductivity characteristics of each film were measured in the dark as a 
function of the applied potential ranging from -100 to 100 V. Each sample was 
measured four times to generate a mean current-voltage (I/V) response for 
each compound (Figure 5A). The conductivity σ of each sample (Figure 5B) 
was calculated using Equation 1: 
 
 𝜎 =
𝑑𝐼
𝑑𝑉
×
(𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛)
(𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑙𝑒𝑛𝑔ℎ𝑡×𝑓𝑖𝑙𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠)
         (1) 
 
The term 
𝑑𝐼
𝑑𝑉
 is the slope of the I/V plot. The channel dimensions were as 
follows: separation 50 μm, length 2.5 cm. The thickness of each film was 
systematically measured using a Surface Profiler (Table 2). 
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Figure 5. (A) I/V plots for viologens 1, 2 and 3 in the absence of light; (B) conductivities of 1, 
2 and 3. 
 
It can be seen from Figure 5B that increasing the oligomer length from 
unimeric to trimeric viologen species improves the thin-film conductivity by 
more than an order of magnitude ((1) 2.20 x 10-11 (0.01 x 10-11) S cm-1; (2) 
1.54 x 10-10 (0.01 x 10-10) S cm-1); (3) 6.87 x 10-10 (0.06 x 10-10) S cm-1). 
 
3.3 Photoconductivity measurements 
 
As found in previous investigations into a related oligomeric series of viologen 
containing compounds, the spectroscopic characteristics of 1-3 are strongly 
dependent on the oligomer length [49]. Specifically, the absorption spectra of 
the three compounds in DMF solution (Figure 6A) clearly demonstrate that 
increasing the number of conjugated rings in the molecule has a strong effect 
on the optical density of the compounds but only limited on the absorbance 
profile of the spectra, in line with the similar electronic structures of the 
oligomers. This is reflected in the sequential increase in the values for the 
molar absorption coefficients at 300 nm in the order 1 < 2 < 3 (Figure 6A). 
Moreover, considering the almost identical first reduction potentials of 1-3, it 
can be concluded that the absolute energies of the frontier orbitals of the ions 
are very similar [64]. 
 
Interestingly, the electronic absorption of compounds 1-3 in thin film form 
shows a bathochromic shift when compared to the corresponding UV-vis 
spectra recorded in DMF (Fig. 6B). This difference is most apparent for 
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compound 3 and is characteristic of conductive polymers, indicating the 
existence of strong intermolecular interactions (i.e. π − π  interactions) 
affecting the energy distribution of participating MO levels. Indeed, the 
bandgap estimated from the absorption spectrum of the thin film of 3 (~2.3 
eV) is noticeably narrower than those for compounds 1 and 2 (2.7 eV). These 
values compare well with those found for other semi-conducting polymers 
[64,65]. It is also worth noting that the spectra of the films lack vibrionic 
structure, which signifies the amorphous nature of the films. The lack of 
crystallisation in the films is further supported by the AFM analysis of the 
surface morphology of the films. (See supporting information, Figure S5) 
 
  
                                A                          B 
Figure 6. UV-vis absorption spectra of 1, 2 and 3, (A) in dry DMF, and (B) as a thin film. 
 
Taking into account the absorbance characteristics of compounds 1 – 3, in 
particular 3, we were interested to study the photoconductivity properties of 
these films to evaluate their potential in optoelectronic devices. 
Photoconductivity experiments were carried out with the same ITO coated 
cells as were used for conductivity studies (Table 2). Film conductivities were 
initially measured in the dark at a steady potential of -15 V. Subsequently, the 
current flow was measured as a function of the wavelength of incident light as 
the sample was sequentially irradiated with 300 to 800-nm light (Figure 7A). 
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Figure 7 (A) Photocurrent responses of thin films (see Table 2) of compounds 1, 2 and 3 held 
at a constant applied potential of -15 V (or field strengths of 6.8  105, 2.3  106 and 5.0  105 
V/cm for 1, 2 and 3, respectively) as the wavelength of the incident light radiation is varied 
from 300 to 800 nm. (B) Current response of a thin film of 3 at constant applied potential of 
either +15 V or -15 V to the wavelength of incident light radiation varied between 300 and 800 
nm.  
 
It can be seen from Figure 7a that neither unimer 1 nor dimer 2 exhibited a 
measurable response to incident light under these conditions, whereas trimer 
3 became conductive under irradiation across a wide range of wavelengths in 
the visible region. The photocurrent increased significantly for illumination in 
the spectral range of 330-475 nm. Photoconductivity was reduced when the 
irradiation wavelength was increased above 475 nm, as may be expected 
from the spectral profile of the thin film (Figure 6B). This result was 
reproducible at both positive and negative applied potentials (Figure 7B). 
Throughout these photoconductivity experiments we did not observe a colour 
change which would be indicative of radical cation formation, but this may be 
a consequence of the low-intensity radiation used.  
 
The difference in the photocurrent response between unimer 1, dimer 2 and 
trimer 3 may be related to packing in the solid state or the differences in 
absorbance characteristics between the oligomers and is the current focus of 
further studies in our laboratories.  
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3.5  DFT Calculations 
 
DFT calculations were undertaken for the radical cations of 1-3, with and 
without PF6− counter ions. The frontier molecular orbitals (HOMO/LUMO) for 
the optimised structure of each compound in both cases are shown in Figure 
8, where an iso-surface of ±0.01 e/bohr is drawn for the HOMO in 
red(+)/blue(–) colours and the LUMO in orange(+)/lime(–) colours. We note 
that the shape of the HOMO is not affected noticeably by the presence or 
absence of PF6– counter ions: in all cases it is localised at the end 3,5-
dimethoxybenzene ring. In contrast, the shape of LUMO (i.e. delocalisation) is 
very sensitive to the presence of counter ions in the calculation, in particular in 
the cases of 2+ and 3+. Specifically, 2+ has a significantly greater delocalised 
LUMO when calculations are undertaken in the absence of the counter ion 
whereas the opposite is true for 3+. We also conclude that the extent of 
delocalisation in both types of calculations for 3+ is quite limited, suggesting 
that photoconductivity observed for compound 3 is likely due to intramolecular 
interactions, which were not taken into account in the calculations. Overall, 
the calculated data suggest that unlike the mono viologen systems studied by 
Monk [38], the influence of the counter ions on the conductivity properties may 
be significant, as the latter appear to modulate the delocalisation of the 
LUMO. For example, for the dimer, replacement of PF6− with smaller ions or 
even dianions could result in higher conductivity.  
 
 
Figure 8. Isosurfaces for the frontiers orbitals, HOMO and LUMO, of 1+-3+, obtained 
from DFT calculations performed with and without PF6– counter ions (columns a and 
b, respectively).   
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4. Conclusions 
 
A series of conjugated, viologen-based, aromatic oligomers containing up to 
twelve aromatic/heterocyclic rings, and with electron donating methoxy ether 
substituents, has been synthesised and characterised. Their conductivities in 
thin film form increased by more than an order of magnitude as the oligomer 
length increased from unimer (1) and dimer (2) to trimer (3).  
  
In addition, the photocurrent characteristics of the series at a constant voltage 
were measured for the first time. Only trimer 3 exhibited a measurable 
photocurrent under the irradiation conditions. This initial result shows that 
structurally optimised conjugated viologen-containing systems have the 
potential for application in high value products including phototransistors and 
photovoltaic cells. 
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